Only doses of complexed polyriboinosinic:polyribocytidylic acids sufficient to induce interferon, stimulated hyporesponsiveness to re-induction in rabbit kidney cells. Results of experiments designed to delineate the earliest time of appearance of hyporesponsiveness suggested the time of onset was less than I h after the end of a I h exposure to the inducer. The duration of hyporesponsiveness was about 24 h. Interferon itself did not produce hyporesponsiveness. Hence hyporesponsiveness must be related to an event or a substance synthesized before interferon production. The best candidate is a control protein inhibiting interferon production which is rapidly synthesized following exposure to an inducer.
INTRODUCTION
Decreased responsiveness in interferon production when cell cultures (Cantell & Paucker, I963; Burke & Buchan, I965) or animals (Ho, Kono & Breinig, I965; Youngner & Stinebring, I965 ) are re-exposed to an interferon inducer is a well-known phenomenon. This hyporesponsiveness may occur when either an homologous or heterologous inducer is used. An opposite phenomenon, hyper-responsiveness of interferon production may also occur when a cell culture or an animal is re-exposed to an inducer under certain conditions. Interferon itself, when used to pre-treat cell cultures, may either 'prime' (Isaacs & Burke, 1958; Stewart, Gosser & Lockart, I97Ia ) or inhibit (Vilcek & Rada, I962; Stewart, Gosser & Lockart, I97I b ) the production of interferon by such cultures when they are subsequently stimulated by an interferon inducer. The possibility that interferon itself may account for hypo-as well as hyper-responsiveness to interferon inducers has naturally excited a great deal of interest. Observations in this field of study have varied to a large extent with a number of factors, including the cell system, different inducers, the incubational conditions and additives such as DEAE-dextran which make comparison from one system to another quite difficult. Nevertheless conceptual advances have been made in which a particular system unambiguously demonstrates certain features.
The present communication focuses on the phenomenon of hyporesponsiveness to reinduction of rabbit cell cultures to poly I:poly C. We consider the rapidity of onset of the hyporesponsive state, and deduce evidence that it is not mediated by interferon itself, or by the antiviral state.
METHODS
Cell cultures. Primary weanling rabbit kidney cell cultures (RKCC) and subcultures were prepared in rabbit kidney growth medium (RKGM) as previously described (Armstrong, I971) . Growth medium consisted of 0"5 ~ lactalbumin hydrolysate in Hanks' Balanced Salt Solution (HBSS), 4 ~ heat-inactivated (56 °C for 30 rain) newborn calf serum, 2 antibiotic solution to give a final concentration of 400 units of penicillin G, 80 #g of streptomycin and 2o units of polymyxin B per ml of medium, 5o units of mycostatin per ml of medium, and o.2 9/00 sodium bicarbonate. Five ml of RKGM containing one million cells were dispensed into 60 mm plastic Petri dishes (Falcon) and o. I ml of RKGM containing 2 × lO 4 cells was dispensed into each 6 mm well of 96-well microtest II plates (Falcon). The cultures were incubated at 37 °C in a humidified atmosphere of 5 ~ CO2 in air.
Polyriboinosinic : polyribocytidylic complex (poly I : poly C). Polyriboinosinic acid and polyribocytidylic acid (P. L. Biochemicals, Inc., Milwaukee, Wisc.) were prepared as aqueous solutions of iooo/~g/ml. The complex was prepared by mixing equal volumes of the individual stock homopolymers (Field et al. 1967) .
Interferon induction. To stimulate interferon production, four-or five-day-old cultures of secondary rabbit kidney in dish cultures were exposed to 2 ml of RKGM containing the iequired concentration of poly I:poly C for I h at 37 °C, unless otherwise indicated. The cultures were then washed 3 times with 5 ml of HBSS, replenished with z ml of RKGM and incubated at 37 °C. In our hands, poly I:poly C-induced interferon is produced maximally 2 to 4 h after stimulation (Tan, et al. 197o) . Approx. 91 ~ of the total interferon yield was produced during the first 4 h after stimulation, 6 ~ was produced during the next 2 h and the remaining 3 ~ was produced during the final 6 to 24 h period. All fluids were harvested at 4 h after removal of inducer, unless otherwise indicated, and frozen at -20 °C until assayed for interferon activity. All times are expressed relative to the moment of removal of inducer, designated as 'o hour'.
Interferon assay. Five-or six-day-old cultures of secondary rabbit kidney in 96-well plates were used for the semi-micro, dye-binding assay for rabbit interferon previously described (Armstrong, 197I) . Cultures were exposed to o.I ml dilutions of interferon, challenged with 4oo p.f.u, of vesicular stomatitis virus, and stained with methylrosaniline for detection of c.p.e. Titres were expressed in units based on 5o ~ end point and standardized with a rabbit reference interferon standard (NIH reference research reagent G-oI9-9oI-ozS). In our laboratory, variation in the titration of a sample of interferon within an experiment is usually twofold or less (Armstrong, I97I) .
RESULTS

Duration of hyporesponsiveness
To determine when cells become hyporesponsive to re-induction, a summary of our data is presented in Table I . Sets consisting of at least two cultures were induced with 5o #g/m1 of poly I: poly C and fluids were harvested after 4 h as described in Methods. After washing, one set was re-induced with 50 #g]ml ofpoly I:poly C for I h, washed, refed with medium and fluids were harvested after 4 h, as after first induction. A control set was also induced at this time. The remaining sets were replenished with 2 ml of medium until re-induction. At intervals up to 192 h, a set of induced cultures and an uninduced control set were exposed to poly I:poly C as described above. Table I shows that cultures were hyporesponsive to re-induction by 4 and 8 h after primary induction, probably not hyporesponsive by 12 and 16 h after primary induction and usually fully responsive by 24 h after primary induction. The nature of the kinetics of interferon production was such that the possibility of significant yields of interferon from the first induction cycle overlapping with any yield of interferon from the second induction cycle was unlikely, as little or no interferon was produced 4 h after the first induction (Tan et al. I97o) .
An attempt was then made to delineate the earliest time of appearance of hyporesponsiveness to re-induction with 5o #g[ml of poly I :poly C. Experiments attempting re-induction at intervals less than 4 h necessitated additional controls because of possible overlap with the yields of interferon from the first induction cycle. All cultures were washed after first exposure to the inducer, and before and after a second exposure to either the inducer or medium. The design of such an experiment and results are shown in Fig. I . The interpretation is as follows: for example, in the case of the set with I h between exposure (lines I, 2, 3); the ' first exposure control' (line 2) was exposed at hour -r to hour o, it was then mock exposed to medium during hours I to 2, and 319 units were produced from hours 2 to 6; the 'second exposure control' (line I) produced 657 units during the same period; the 'experimental group' (line 3) was exposed to inducer twice, hours -I to o, and I to 2, and 34I units of interferon were produced from hour 2 to 6. Since 3 I9 units were expected from the first exposure, this means 22 units resulted from the second exposure to the inducer. These 22 units represented a 97 ~o reduction when compared with the second exposure control titre of 657 units. By similarly comparing the other sets, there was a complete absence of production (> IOO ~ reduction) on re-induction 2 h after the first exposure, an 89 ~ reduction at 3 h and a 96 ~ reduction at 4 h. Fig. 2 shows the results of a similar experiment delineating the earliest time of appearance of hyporesponsiveness to re-induction after primary exposure to 5 #g/ml of poly I: poly C. The re-induction of RKCC with 5o #g/m1 of poly I: poly C I, 2, 3 and 4 h after first exposure with 5o #g/ml of poly I:poly C. Four sets of cultures were exposed to 5o #g/ml of poly I:poly C ([~) for I h (lines 2, 3, 5, 6, 8, 9, II, I2). At indicated times after first exposure to the inducer, one of each set was again exposed to 5o #g/ml of the inducer (lines 3, 6, 9, ~2) while another was exposed to medium ([B) (lines z, 5, 8, II) . Second exposure controls were also included (lines I, 4, 7, Io). ~-[ is x units of interferon.
For example, in the case of the set with one hour between exposure (lines I, 2, 3): the 'first exposure control' (line z) was exposed at hour -I to hour o, it was then mock exposed to medium during hours I to 2, and 53 units of interferon were produced from hours 2 to 6; the 'second exposure control' (line I) produced 657 units during the same period; the ' experimental group' (line 3) was exposed to inducer twice, hours -I to o, and I to 2, and I49 units of interferon were produced from hours 2 to 6. Since 53 units were expected from the first exposure, this means 9 6 units resulted from the second exposure to the inducer. These 96 units represented an 85 ~ reduction when compared with the second exposure control titre of 657 units. By similarly comparing the other sets, there was an 89 ~ reduction at 2 h after the first exposure, an 84 ~ reduction at 3 h and a 9o ~ reduction at 4 h. Fig. 2 . The re-induction of RKCC with 50 #g/mI of poly I : poly C I, z, 3 and 4 h after first exposure with 5 #g/ml of poly I : poly C. Four sets of cultures were exposed to 5/zg/ml of poly I: poly C (VT) for I h (lines 2, 3, 5, 6, 8, 9, IX, 12) . At indicated times after first exposure to the inducer, one of each set was again exposed to 5o #g/ml of the inducer (lines 3, 6, 9, I2) while another was exposed to medium ([B) (lines 2, 5, 8, I I). Second exposure controls were also included (lines I, 4, 7, IO). ~-1 is x units of interferon.
Duration of exposure and concentration of inducer required for hyporeaponsiveness
To determine the duration of exposure required for hyporesponsiveness, RKCC were exposed to 5o #g/m1 of poly I: poly C for 6o rain, the usual induction exposure time, and also for 45, 3o, I5, 5, I and o.2 5 min (Table 2) . After the cultures were washed and replenished with medium, incubation was continued for 4 h. The cultures were then re-induced with 5o #g/ml of poly I: poly C. The cultures produced approximately the same amount of interferon except possibly for those exposed for I and o'25 rain. The cells exposed to inducer for I min produced less interferon than cells exposed for the longer periods of time. They nevertheless produced, after the second exposure to the inducer, less interferon than the * Control cultures received medium (no poly I:poly C) for the first 'induction', and 5o#g/ml of poly I:poly C for the second.
control. The other cultures were all clearly hyporesponsive to re-induction with poly I :poly C 4 h after primary exposure.
To determine the minimum concentration of poly I:poly C that would establish hyporesponsiveness to re-induction with 5o #g/ml, RKCC were exposed to different concentrations of poly I: poly C for I h, washed 3 times and refed with a ml of medium. Fluids were collected after 4h, cultures were washed and then re-induced with 5o/zg/ml of poly I:poly C. Four hours after primary induction was chosen as the time for re-induction because at this time, cells originally exposed to 5o/zg/ml of poly I: poly C were consistently hyporesponsive to re-induction with the same concentration (Table I ). In our experience, 5/zg/ml of poly I: poly C is variable as an inducer of detectable interferon, i.e. it is sometimes effective and sometimes not effective. Table 2 shows, however, that when cells responded to a primary exposure of 5 #g/ml of poly I: poly C by producing interferon, they were hyporesponsive to re-induction with 5o/zg/ml, whereas cells that did not produce interferon after a primary exposure to 5 #g/ml of poly I:poly C were responsive to re-induction. Cells exposed to o'5/zg/ml or less of poly I: poly C did not produce interferon and were not hyporesponsive.
The possibility existed that exposure to concentrations less than 5 #g/ml resulted in delayed interferon production beyond the 4 h. When this was tested, no interferon was produced within a 24 h period after exposure to o'5, o'o5, o'oo5 or o'ooo5/zg/ml of poly I:poly C and the cells were fully responsive to re-induction with 50/zg]ml after that 24 h period. The necessity for initiating interferon production as a pre-requisite for hyporesponsiveness is implied in this table. In fact, there appeared to be a positive correlation between the amount of interferon produced in 4 h after primary exposure to 50 or 5/~g/ml of poly I:poly C and the degree of hyporesponsiveness when re-induced. However, this does not mean interferon per se was the mediator of hyporesponsiveness (see below).
To ascertain the presence or absence of the antiviral state at the time when hyporesponsiveness is demonstrated, cultures were infected with approx. IOO p.f.u, of vesicular stomatitis virus 4 h after a I h exposure to tenfold concentrations of poly I: poly C ranging from 50 to 0"0005 #g/ml. The cultures were then overlaid with medium containing 1"5 ~ agar and incubated for 48 h to permit development of plaques. Cultures exposed to o'5, 0"05, 0"005 or o.ooo5#g/ml of poly I:poly C developed, respectively, 62, 1o5, 116 or II4 plaques. These numbers were comparable to the number of plaques (79) of the unexposed control cultures. Cultures exposed to 5 or 5o #g/ml, however, developed no plaques, indicating an antiviral state. Thus there was a correlation between hyporesponsiveness to re-induction 4 h after primary exposure to poly I: poly C and antiviral resistance. However, the presence of the antiviral state in cells did not mean they would be hyporesponsive to re-induction. For example, cells remained in the antiviral state 24 h after exposure to 5o/zg/ml of poly I:poly C, but at this time they were usually responsive to re-induction (Table I) . Hyporesponsiveness waned more quickly than antiviral resistance.
Effect of interferon on hyporesponsiveness
Because only concentrations of poly I:poly C able to induce interferon rendered RKCC hyporesponsive to re-induction and concentrations not able to induce detectable levels of interferon did not render cells hyporesponsive, it was tempting to implicate interferon per se as the mediator of hyporesponsiveness. To determine if interferon did play a role in hyporesponsiveness to re-induction, the effect of interferon treatment for different lengths of time on poly I:poly C-induced interferon was examined. RKCC were pre-treated for 4, 8, I2, 16, 2o or 24 h with 2 ml of either 88oo or 88 units of a crude serum preparation of virus-induced interferon. After the respective incubation time, cultures were washed 3 times and induced with 5o#g]ml or poly I: poly C. Table 3 shows that pre-treatment of cultures with either 88 or 88oo units of virus-induced interferon resulted in enhanced yields of interferon after induction with poly I:poly C, with one exception. Cells pre-treated with 88oo units for 24 h did not show an enhanced interferon response when compared with controls. Indeed there may have been some hyporesponsiveness in this case, although the difference is not significant and we have not observed this consistently. Pre-treatment of cells for similar lengths of time with 2oooo units of rabbit cell culture interferon induced by poly I:poly C and purified by Sephadex G-Ioo column fractionation and concentration also resulted in enhanced yields of interferon after the cultures were induced with poly I: poly C.
These experiments show that interferon itself does not produce hyporesponsiveness in our system. In addition, the fact that cells become hyporesponsive to re-induction as early as ~ h after primary exposure was not consistent with the suggestion that interferon per se was the mediator of hyporesponsiveness, as very little interferon was produced during the first hour (Fig. ~, lines 2, 3) . Further, when cells were pre-treated with interferon for I h, they responded normally to subsequent induction with poly I:poly C. It was concluded that interferon per se was not the cause of hyporesponsiveness to re-induction.
DISCUSSION
Our experiments varying the interval between two I h exposures to poly I:poly C show that the hyporesponsive state can be established when this interval is as short as I h. Shortening this interval would lead to coincident interferon responses in time, which makes detection of the hyporesponsive state difficult. However, the following theoretical consideration suggests that the effective interval may be significantly shorter. We find that a 5 rain exposure to poly I:poly C will produce hyporesponsiveness. Exposure of rabbit kidney cells to poly I: poly C (50 #g/ml) for as little as 5 min results in about the same amount of interferon produced as exposure to the inducer for 6o min. When cells are exposed for 6o rain, apparently they do not respond to the poly I:poly C to which they are exposed beyond the initial 5 min. One simple explanation for this observation is that cells exposed for 5 min are already hyporesponsive to further induction. These considerations of course do not tell us when the actual hyporesponsive mechanism, whatever it is, becomes active. It may act in 5 rain, or as interferon is produced in the next several hours, and the hyporesponsive mechanisms could act by directly limiting such production, the onset of the hyporesponsive mechanism itself may take place as late as that time. There is at the moment no method to determine when the mechanism actually acts, and one should keep this in mind in discussing the time of onset of the hyporesponsive state.
Many authors have noticed a close relationship between the development of hyporesponsiveness and the mechanism involved in interferon induction (Billiau, I97O; reviewed in Ho, 1973) . Thus, we find in this report that only a dose of poly I:poly C sufficient to induce interferon will stimulate hyporesponsiveness. Smaller doses of poly I: poly C which we and others have found to be ineffective in inducing interferon (Field et al. I967) did not result in hyporesponsiveness. Others (Billiau, I97o ) found that such low doses of poly I :poly C, which may induce the antiviral state in the absence of interferon, may induce a hyper-reactive rather than hyporeactive state.
The rapid onset of the hyporesponsive state with an hour of primary exposure to poly I:poly C suggests that interferon per se is nota necessary event for the hyporesponsive state. Relatively little interferon is produced by rabbit cells one hour after exposure to poly I:poly C. But more important, incubation with various doses of interferon from different sources did not stimulate the production of the hyporesponsive state.
In response to an interferon inducer, rabbit kidney cells are thought to produce three new proteins: interferon, a hypothetical control protein (Tan et al. I97o; Vilcek, I97o; Tan, Armstrong & Ho, I97I ) and a hypothetical protein responsible for the antiviral state (Taylor, I964) . Billiau (I97o) showed that the antiviral state is not correlated with hyporesponsiveness and invokes the hypothetical regulatory protein as the probable cause. The work of Vilcek, Barmak & Havell (I972) tends to confirm this view. Our own work reported here and previously (Tan et al. I97o, I97I) is also consistent with the possibility that the control protein may be responsible for hyporesponsiveness. If this is so, then the control protein must be continuously synthesized for a period of 24 h during which hyporesponsiveness persists or it must remain active for that period of time after being synthesized earlier. However, we have previously suggested (Tan et al. I970 that the control protein is turned over rapidly. The mechanism by which the control protein acts to produce hyporesponsiveness is not known. Vilcek et aL 0972) suggest that it may bind poly I: poly C, or other inducers, since DEAE-dextran, which increases uptake of poly I: poly C (Bausek & Merigan, I969; Colby & Chamberlin, I969) can to some extent reverse hyporesponsiveness.
An interesting by-product of postulating that the control protein is responsible for hyporesponsiveness is clarification of some aspects of this hypothetical substance. In view of the rapidity of onset of hyporesponsiveness, it would appear that interferon itself is not the stimulus for the production of control protein, as previously suggested (Tan et al. I97O) , but perhaps the inducer can perform this function directly. This is consistent with our observation that the control protein is detectable I h after initiation of exposure to poly I:poly C (Tan et al. I97O ) . It is also consistent with our observation that small doses of endotoxin, insufficient to induce measurable interferon can produce the hyporesponsive state in a rabbit in 4 h (Ho, Postic & Ke, I968) . Another property of the control protein is that it may not be specific for the inducer, since hyporesponsiveness is not specific for the inducer, particularly in animals (see Ho, I973) . Finally, it has already been postulated that the control protein is synthesized to varying degrees in different tissues (Ke & Ho, i97 0, which accounts to some extent for the confusion of apparently contradictory results obtained from different systems in studies concerning hypo-and hyper-responsiveness.
